Bond were added to the medium using extract method. The cells were cultured with or without resveratrol (RES) addition. MTT, reactive oxygen species (ROS), DCF, Comet and 8-OHdG measurements were performed. The agents had a dose-dependent (1:1>1:10>1:20) cytotoxic effect. Considering 1:10 concentration; Group D at 1 h (p<0.01) and Group B and D at 24 h had the weakest cytotoxic effect (p<0.05). After RES addition, the highest cell viability was determined in Groups B+RES and D+RES at 1 h and in Groups A+RES and B+RES at 24 h (p<0.01). The dentin bonding agents induced ROS production and DNA damage regarding to their composition. However, RES addition decreased the indicated parameters.
INTRODUCTION
The clinical achievement of dentin bonding agents are not only related to the physical and chemical properties, but also the biocompability of these materials is necessary for the success 1) . One-component and onestep dentin bonding agents have been developed for easy application with the incorporation of the new monomers 2) . As the in vitro cytotoxicity of the resin monomers is reported in the studies [2] [3] [4] [5] [6] [7] , there is concern about the biological safety of these materials. Dentin bonding agents may present different cytotoxicity by the interaction of the multiple components, thus the determination of the cytotoxicity of the product instead of the monomer is significant 3, 8) . The increased reactive oxygen species (ROS) have been reported as responsible for the cytotoxic effects of the resin-based dental materials [9] [10] [11] . Cells try to overcome with monomer-induced oxidative stress by expression of antioxidants. The regulation of endogenous antioxidant enzymes and compounds in the cell is one of the important processes to balance between the generation and the elimination of ROS. But resin monomers cause depletion of intracellular antioxidants 1) . Oxidative stress occurs with the disruption of the balance between the antioxidant systems in charge of controlling and removing ROS including hydrogen peroxide (H 2O2), superoxide anions (O2
•− ) and hydroxyl radicals (OH • ) and the biochemical processes causing the generation of ROS. The increase of ROS in a cell renders all macromolecules in the cell such as lipids, proteins, carbohydrates and DNA as a target in terms of oxidative damage. DNA damage which is experienced frequently by all cells throughout their lives, means the alterations in the molecular integrity of the genetic material under the effect of endogenous and exogenous factors. The unrepaired DNA damage may lead to deteriorated gene expression and development of diseases such as cancer, diabetes and neurodegenerative diseases 12, 13) . There is a need about the new managements to decrease the cytotoxic effect of resin monomers and antioxidants seem as useful alternatives to prevent the cytotoxicity. For example polyphenol antioxidants have been reported to protect oral fibroblasts from ROS-inducing agents such as H 2O2, ethanol and nicotine 14) . Recently, food-derived antioxidants have received growing attention against oxidative damage. Resveratrol (RES) is a polyphenolic compound with strong antioxidant properties and found abundantly in grapes, berries, nuts and red wine 15, 16) . Previous studies on RES have shown that this compound has chemopreventive 17) , cardioprotective 18) , and neuroprotective 19) effects. Therefore we hypothesized that RES may also have potential protective effect against dentin bonding agents-induced oxidative damage.
In the present study, we aimed to evaluate the cytotoxicity of four different one-step dentin bonding agents with MTT assay, DCF assay, 8-hydroxydeoxyguanosine (8-OHdG) measurement and Comet assay. In addition, the protective role of RES was investigated following application of different one-step dentin bonding agents on fibroblasts. supplemented with 10% fetal bovine serum (Gibco Invitrogen); 1% L-glutamine (Sigma-Aldrich) and 100 units/mL penicillin/streptomycin (Gibco Invitrogen). The cells were incubated at 37 o C in 5% CO2 for 24 h to ensure the adherence of the cells to the well surface. The dose-dependent response of cells against RES (SigmaAldrich) (0.25-100 µM) was determined. The cultured cells were exposed to the extracts of dentin bonding agents with or without the addition of RES as explained in details below.
The protective effect of resveratrol against dentin bonding agents-induced cytotoxicity

Preparation of extracts and test specimens
Four different dentin bonding agents [Group A: G-aenial Bond (GC); Group B: Optibond All in One (Kerr); Group C: Gluma Self Etch (Heraeus Kulzer) and Group D: Clearfil S 3 Bond (Kuraray)] were used in the study (Table 1 ). In each group; 5 µL dentin bonding agent was dropped in 10 mL sterile vial and shaked gently to provide the diffusion of the drop at the base of the vial. Then the dentin bonding agent was light cured by LED (Elipar Freelight, 3M ESPE) for 20 s and the light source was kept 2 mm away from the base of vial during curing to simulate the clinical application. Medium (5 mL) was added per vial and incubated at 37 o C in 5% CO2 for 24 h. The incubated extract medium was filtered through a sterile 0.22 µm syringe filter 2) . The extract medium was added to the wells with three different concentrations [1:1 (1 mL extract medium), 1:10 (100 µL extract medium in 1 mL medium) and 1:20 (50 µL extract medium in 1 mL medium)] and then the cells were cultured with or without RES addition for 1 and 24 h respectively. The most effective dose of RES that significantly increased the cell viability according to the dose-response curve (0.5 µM) was added. The fresh medium was used as negative control and medium with 0.1 mM H 2O2 was used as positive control. When used, RES was added 1 h prior to dentin bonding agents exposure.
Cell viability assessment by MTT assay Percent cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay 20) . Briefly, cells (2×10 4 /well) were grown to 90% confluence ~24 h in normal growth media and then treated with dentin bonding agents and/ or RES for 1 and 24 h in 96-well cell culture plates. MTT (in final concentration 0.5 mg/mL) was added to each well, and plates were incubated for 3 h at 37°C in 5% CO 2 humidified incubator. The reaction mixture was carefully removed and 200 µL dimethyl sulfoxide (DMSO) was added to each well. The plate was shaken at room temperature for 1 h and then the absorbance was measured at 570 nm and 630 nm using a microplate reader (VersaMax, Molecular Devices, USA). Percent survival was plotted relative to vehicle control cells, which were normalized to 100% survival.
DCF assay
Intracellular generation of ROS was measured by using ROS sensitive cell permeable fluorescent dye 2', 7'-dichlorodihydrofluorescein diacetate (H 2DCF-DA) 21) .
Briefly, 1×10
4 cells/well were seeded in 96-well black culture plates and allowed to adhere for 24 h under a 5% CO 2 at 37°C. Following exposure, cells were incubated with 10 µM H2DCF-DA for 45 min at 37°C in the dark. The dye loaded cells were washed with Krebs-Ringer's buffer (130 mM NaCl, 5 mM KCl, 10 mM glucose, 2 mM MgCl 2, 1 mM CaCl2, 20 mM HEPES). The plates were kept on a rocker shaker platform for 10 min at room temperature in dark and fluorescence intensity was measured. The changes of ROS production in response to different treatments were estimated by the fluorescence intensity, with excitation wavelenght at 485 nm and emission wavelength at 535 nm using Varioskan Flash Multimode Reader (Thermo Scientific, USA). ROS production was expressed as a percentage of control cells. 
8-hydroxydeoxyguanosine (8-
Single cell gel electrophoresis (The comet assay)
The comet assay was carried out following the protocol described by Tice et al. 22) . Slides were prepared in duplicate for each treatment. Thus, a volume of 10 µL of treated or control cells (~1×10 4 cells) were added to 120 µL of 0.5% low melting point agarose at 37°C, layered onto a precoated slide with 1.5% regular agarose, and covered with a coverslip. After brief agarose solidification in a refrigerator, the coverslip was removed and slides immersed in lysis solution [2.5 M NaCl, 100 mM EDTA; 10 mM Tris-HCl buffer pH 10; 1% sodium sarcosinate; with 1% Triton X-100 and 10% DMSO] for about 1 h. The slides were left in alkaline buffer [0.3 mM NaOH and 1 mM EDTA pH>13] for 20 min prior to the electrophoresis, and electrophoresed for another 20 min, at 25 V (0.86 V cm −1 ) and 300 mA. After electrophoresis, the slides were neutralized with 0.4 M Tris-HCl buffer (pH 7.4) and stained using silver staining method 23) . The dried microscope slides were covered with a cover-glass prior to analysis with a light microscope (Olympus). The microscope was connected to a charge-coupled device (CCD) camera and a computer using (CASP-Comet Assay Software Programme, 1.2.2 Version) to determine the extent of DNA damage after electrophoretic migration of DNA fragments in the agarose gel. All the steps described above were conducted in the dark to prevent additional DNA damage. Throughout this study, several diluted and treated aliquots were tested for viability by trypan blue exclusion 24) . The percentage of tail DNA (T-DNA%), tail length (TL, in µm) and the tail moment (TM) were scored as three standard parameters of the assay 22) . Results were expressed as TM=T-DNA%×TL/100 (n=10).
Statistical analysis
Statistical analysis were performed by one-way analysis of variance (ANOVA) and two-way ANOVA followed by Tukey's and Bonferroni post hoc tests. A p-value of <0.05 was accepted as statistically significant. Analysis were performed using SPSS for Windows 13.0 program.
RESULTS
Three different concentrations (1:1, 1:10, 1:20) of dentin bonding agents were tested on fibroblasts and assayed for cytotoxicity by MTT assay after 1 and 24 h of incubation. All tested bonding agents had a dose and time-dependent (1:1>1:10>1:20) cytotoxic effect (Fig. 1) . When compared with other test materials, the strongest cytotoxicity was observed in Group C at both 1 and 24 h (p<0.01). After 1 and 24 h of incubation, 1:20 concentration of the bonding agents did not have a significant effect on the cell viability, compared to that of 1:10 concentrations. The cells were treated with nine different concentrations (0.25-100 µM) of RES without bonding agents to test the maximum protection by RES. The most protective dose of RES that significantly increased the cell viability was found to be 0.5 µM (p<0.05) (Fig. 2 ) and this concentration was used for test procedures.
Considering the 1:10 concentration; Group D at 1 h (p<0.01) and Group B and Group D at 24 h (p<0.05) had the weakest cytotoxic effect (Fig. 3) . The differences between the groups are presented in the Table 2 . After RES addition, the highest cell viability was determined in Group B+RES and Group D+RES at 1 h (p<0.01). Similarly, when the cells were treated with RES in the presence of agent A (1:10) or agent B (1:10) for 24 h, cell viability was significantly increased (p<0.01) (Fig.  3) . The differences between the groups are depicted in the Table 3 .
The changes in ROS production were determined by DCF-DA assay to investigate the effect of RES on oxidative stress against dentin bonding agents in fibroblasts. ROS production was in a trend of increase in cells treated with dentin bonding agents following 1 h of incubation. RES was not effective in decreasing the radical production induced by agents at 1 h. Especially, the significant increase in H 2DCF-DA -associated fluorescence was determined following agent B treatment at 24 h when compared with control (Fig. 4) . ROS production was significantly decreased in cells after incubation with RES in the presence of agent B for 24 h (from 118.85±1.27% to 89.03±7.3%). In a long exposure time (24 h), agent A, alone or in combination with RES, decreased ROS production.
In the present study, the levels of 8-OHdG were also determined as a marker of oxidative stress-induced DNA base damage. As shown in Fig. 5 , none of the agents significantly changed 8-OHdG levels in DNA after 1 h of incubation (p>0.05). Following 24 h of incubation, 8-OHdG levels in DNA were found to be significantly higher in Group D when compared with untreated cells. However, RES treatment significantly decreased the levels of 8-OHdG induced by agent B or D treatments (p<0.001). These results suggest that RES can protect DNA in cells from agent B or agent D-induced oxidative damage.
The level of the DNA damage in the cells was detected by single cell electrophoresis. Figure 6 shows DNA damage caused by dentin-bonding agents and the effect of RES addition. TM levels were higher respectively in Groups D, C and A compared to the control group (p<0.05). RES addition was effective to decrease the DNA damage in Group A and Group D (p<0.001). TM≥2.5 considered as the severe DNA damage 25) was only detected in the Group D and Group C after RES addition.
DISCUSSION
Biocompability of the dental materials has gained interest in recent years and cell culture assays are assumed to be appropriate methods to evaluate the cytotoxicity 26) . In the present study, the cytotoxicity of four different one-step, self-etching dentin bonding agents were analyzed with MTT assay, DCF assay, 8-OHdG measurement and comet assay in L929 mouse fibroblast cell culture model. The cytotoxicity of the resin based materials are related with dilution rate 3, 27, 28) . The tested dentin bonding agents had a dose-dependent (1:1>1:10>1:20) cytotoxic effect on L929 cells (Fig. 1) . Since satisfactory results were obtained with MTT assay and 1:10 dilution has been recommended 2) , this concentration was used in the following cytotoxicity test procedures.
Dentin bonding agents comprise different monomers such as Bis-GMA, UDMA, TEGDMA and HEMA according to their formulations. The structure and features of the monomers affect the cytotoxicity. In previous studies, the hydrophobic monomers Bis-GMA and UDMA have been reported to have more cytotoxic effects when compared to those of TEGDMA and HEMA 3, 8, 29, 30) . In this study the bonding agent including UDMA (Group C) displayed the strongest cytotoxicity regarding the cell viability, while the bonding agent including HEMA (Group B) caused a lower decrease in cell viability as expected. On the other hand, the bonding agent including both HEMA and Bis-GMA (Group D) also exhibited less cytotoxicity than Group C (Fig. 3) . These findings may be related with the interactions between different components of dentin bonding agents causing more or less cytotoxicity than monomers alone 8) . The monomers released from dentin bonding agents, depending on their molecular weight, may have different rates of diffusion to the cells. HEMA has a low molecular weight and it has been reported to be more diffusable than monomers which have higher viscosity such as Bis-GMA and UDMA 31) . HEMA induces glutathione depletion and ROS production 32) . ROS production is assumed as an indicator of early oxidative cellular damage induced by resin monomers 4) . The ROS production was decreased in Group A where HEMA-free dentin bonding agent was tested by the exposure time. This finding suggests that the self-defense mechanism of the cells against HEMA-free dentin bonding agents may be sufficient. The increased ROS production in Group B may be attributed to the HEMA content. However there was no increase of ROS in Group D although the test material also included HEMA (Fig. 4) . These findings suggest that the differences in the release of HEMA from these bonding agents may be related with the different composition of the products.
Resin-monomer induced toxicity results from oxidative stress and ROS production has a potential to induce DNA damage and mutagenity 33) . The increase of ROS generation in the cell renders all macromolecules such as lipids, proteins, carbohydrates and DNA becomes as a target in terms of oxidative damage. It is considered that exposure to dentin bonding agents including different monomers would result in pathological consequences such as damaging effects on macromolecules, and that similarly DNA damage. In the present study, the dentin bonding agents induced oxidative stress and ROS production gave rise to DNA damage in L929 cells (Figs. 4,5 and 6) . In previous studies, it has been shown that Bis-GMA, HEMA and UDMA triggered DNA damage in human lymphocytes and human salivary gland tissue cells 34, 35) . Similar to these findings, DNA single strand breaks (SSB) were significantly elevated following exposure to dentin bonding agents including dimethacrylate monomers, UDMA, HEMA and Bis-GMA in our study model supporting the genotoxic effects of these agents. SSB are the primary products of DNA damage and can be measured immediately after oxidative stress conditions. Our results support the idea that ROS production induced by monomers or co-monomers may attack strands of DNA which consequently leads to double strand breaks and DNA fragmentation in cells. On the other hand, except Group D, these agents did not induce any significant changes on 8-OHdG levels in DNA. Among numerous types of oxidative DNA damage, 8-OHdG formation is an ubiquitous marker of oxidative stress. Bis-GMA/HEMA combination (Group D) probably shows its deleterious effects on DNA earlier than the other monomers. Thus, 24 h exposure to Bis-GMA and HEMA was sufficient to observe DNA base damage in fibroblasts. Through various metabolic pathways, the cell develops a response to DNA damage. Since DNA is the only biomolecule that is capable of repairing itself when the repair of damage is in question, DNA repair mechanisms are activated. DNA is repaired in all processes that reduce the genomic instability, cell death and the progression of DNA damage 36) . Although agent D caused significant DNA damage (Figs. 5 and 6 ), the overactivation of DNA repair mechanisms may result in the decreased cell loss (Fig. 3) .
This study was not limited with the comparison of the cytotoxities of different dentin bonding agents. The innovative aspect of this study was an antioxidant addition to prevent the cytotoxicity induced by different dentin bonding agents. ROS production is balanced with antioxidant enzymes in healthy cells, but the cellular homeostasis is thought to be impaired in cytotoxicity 4) . Having demonstrated evidence for cytotoxic and genotoxic effects of dentin bonding agents in fibroblasts, we administrated an antioxidant treatment approach to counteract these effects in our study model. Hence, the antioxidant agent addition has been implemented to decrease ROS production and the cytotoxicity of dentin bonding agents. RES was used as a potential protective agent in the present study. The crucial point in the effect of RES is the dose-dependency. RES has been reported as beneficial at lower dose wheras it has apoptotic actions at higher dose 37) . Therefore the dose-dependent response of cells against RES (0.25-100 µM) was investigated in the first phase of the study. Although higher concentrations of RES showed cytotoxicity, this effect varied in low concentrations (Fig. 2) . RES treatment at 0.5 µM concentration was sufficient to yield maximum protection for L929 cells (Fig. 2) , and thus this concentration was adopted in the following experiments. The loss of cell viability-induced by dimethacrylate monomers, HEMA and Bis-GMA/ HEMA (Groups A, B and D) was significantly reduced following RES treatment (Fig. 3) . In addition, RES significantly attenuated ROS production in Group A and Group B (Fig. 4) . As dimethacrylate monomers and HEMA-induced ROS production was inhibited by RES, it may be hypothesized that RES exerts a protective action by scavenging free radicals and increasing the protein levels of antioxidant enzymes against indicated monomers. However, treatment with RES unexpectedly increased agent C or agent D-induced ROS production at 24 h (Fig. 4) . Although ROS production is statistically insignificant following cotreatment of RES and UDMA or HEMA/Bis-GMA, there is a trend toward an increased ROS accumulation indicating that RES in combination with these agents may trigger oxidative stress. Our results are consistent with previous reports demonstrating that oxidative stress is directly involved in pathways leading to dentin bonding agents-induced cell death 4, 33) and that RES addition to the formulations may exert protective effect.
Different antioxidants have been investigated to protect cells from cytotoxicity of resin-based materials. The supplementation of dentin bonding agents with N-acetylcysteine (NAC) was found to be useful to prevent the cytotoxicity 38) . Similar to this finding, NAC is shown to inhibit a decrease in the oxygen comsumption rate induced by HEMA 39) . Besides the cytoprotective effects of antioxidants, surface treatment with an antioxidant, ascorbic acid, and ferric chloride has been shown to improve the micro-tensile bond strength of 4-META/ MMA-TBB resin to dentin 40) . Our results also support the potential beneficial effect of an antioxidant, RES, addition in resin-based dental materials.
In addition to its antioxidant properties, it has been shown that RES progressively increases the protein levels and the activity of an antioxidant enzyme, MnSOD, in MRC-5 cells 41) and induces SIRT1 protein expression which promotes DNA repair and the maintenance of genome stability 42) . In our study model, RES treatment significantly attenuated SSB and 8-OHdG levels in DNA, consequently DNA damage, following dentin bonding agent treatments. These findings support the idea that RES has a role in regulating DNA repair mechanisms and SIRT-1 protein expression. However, further studies are still required to clarify the mechanisms involved in the genoprotective activity of RES on DNA damage induced by dentin bonding agents.
CONCLUSION
Within the limitations of this study, it may be concluded that RES addition had generally positive effects on cell viability and reduced oxidative stress, ROS production and DNA damage. Thereby, RES addition may contribute to the biocompability of the dentin bonding agents. However the protective effect of RES against cytotoxicity varies according to the content of the dentin bonding agent. This variation may be assocciated with the interaction between RES and structural components of the dentin bonding agents. Therefore, it is also necessary to investigate the influences of RES addition on the mechanical properties (such as bond strength, microleakage etc.) of the dentin bonding agents with further studies.
